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SUMMARY 
Measurements have been made wi th  f r e e - f l i g h t  t e s t  models of  t h e  drag,  
l i f t ,  and t r i m  a t t i t u d e  of  a  shor tened  ve r s ion  o f  t h e  Apollo Command Module 
f o r  Mach numbers 10 t o  29 and f ree-s t ream Reynolds numbers 20,000 t o  300,000. 
The t e s t s  were performed i n  t h e  Ames Hyperveloci ty  Free-Fl ight  Aerodynamic 
F a c i l i t y ,  u s ing  models launched from a  1.27-cm bore  l i gh t -gas  gun. Two 
cen te r -o f -g rav i ty  p o s i t i o n s  ( o f f s e t  from t h e  model c e n t e r l i n e  by 0.046 and 
0.028 diameter) were i n v e s t i g a t e d .  Resul t ing  t r i m  angles  were 151' and 16Z0, 
r e s p e c t i v e l y .  L i f t / d r a g  r a t i o s  f o r  t h e  two t r i m  angles  were 0.435 and 0.255. 
Both t r i m  angle  and l i f t / d r a g  r a t i o  showed no v a r i a t i o n  with Mach number o r  
Reynolds number w i t h i n  t h e  l i m i t s  i n v e s t i g a t e d .  
L i f t  and drag d a t a  obta ined  from t h i s  i n v e s t i g a t i o n  compare q u i t e  c l o s e l y  
t o  those  obta ined  from previous wind-tunnel t e s t s  and from Apollo f l i g h t  
r e s u l t s .  Good agreement of  t h e  t r i m  angles  was obta ined  when, i n  each case ,  
t h e  l o c a t i o n  of  t h e  c e n t e r  of  g r a v i t y  was r e fe renced  t o  t h e  a x i s  of symmetry 
of t h e  primary p re s su re  suppor t ing  s u r f a c e ,  t h e  b l u n t  f ace .  
INTRODUCTION 
The Apollo Spacecraf t  Program has been supported by a  t e s t  program 
involv ing  many research  and i n d u s t r i a l  t e s t  f a c i l i t i e s  of  t h e  country.  A 
v a s t  q u a n t i t y  of  b a s i c  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  Apollo Command Module 
have a l ready  been determined; much of t h i s  information i s  condensed and sum- 
marized i n  r e f e rence  1. These d a t a  a r e  f o r  a  smooth-faced, symmetrical 
model with and without  antennas,  f a i r i n g s ,  and pro turberances ,  f o r  Mach 
numbers 0 . 2  t o  18. 
Of p a r t i c u l a r  i n t e r e s t  f o r  t h i s  con f igu ra t ion  i s  t h e  determinat ion of  
va lues  of t r i m  angle  and l i f t / d r a g  r a t i o  a t  t r i m  a s  a  func t ion  of t h e  d i s -  
placement of  t h e  c e n t e r  of  g r a v i t y  (cg) from t h e  model c e n t e r l i n e .  These 
values of t r i m  angle and l i f t / d r a g  r a t i o  a r e  a v a i l a b l e  from var ious  wind- 
tunnel  t e s t s  up t o  Mach number 18 and form a  c o n s i s t e n t  s e t  o f  r e s u l t s .  How- 
eve r ,  t h i s  i s  f a r  below t h e  a n t i c i p a t e d  Mach number o f  35 f o r  t h e  e n t e r i n g  
Apollo on t h e  lunar  r e t u r n .  
To f i l l  t h e  void  between Mach numbers 18 and 35, a  high-speed, f r e e -  
f l i g h t  t e s t  program ( r e f .  2) was undertaken.  The r e s u l t s  of t h a t  t e s t ,  made 
with models wi th  no o f f s e t  o f  t h e  cg, and f l y i n g  wi th  t h e  h e a t  s h i e l d  
forward, i n d i c a t e d  t h a t  t h e  drag ,  and hence t h e  t r i m  angle ,  o f  a  model with 
an o f f s e t  cg, may vary with Mach number above about 20. 
I n  add i t i on ,  d a t a  a t  low Reynolds numbers a t  Mach number 14 ( r e f .  3) 
i n d i c a t e d  a  r educ t ion  of l i f t / d r a g  r a t i o  a t  a  s p e c i f i c  t r i m  angle  and an 
inc rease  i n  t r i m  angle  f o r  a  given o f f s e t  cg p o s i t i o n  with reduct ions  i n  
f ree-s t ream Reynolds numbers below 8000. Also, f l i g h t  t e s t s  ( r e f .  4) of  t h e  
Apollo Command Module with t h e  design nonsmooth h e a t  s h i e l d ,  gave t r i m  
angles t h a t  c o n s i s t e n t l y  d i f f e r e d  from wind-tunnel r e s u l t s  by 3' t o  4O. 
Because of t h e  above r e s u l t s ,  i t  was decided t o  measure t h e  t r i m  angle  
and l i f t / d r a g  r a t i o  o f  a  trimmed Apollo model over  t h e  range o f  v e l o c i t i e s  
and Mach numbers i n  which t h e r e  was doubt as  t o  t h e  values of  t h e s e  quan t i -  
t i e s .  (This i n v e s t i g a t i o n  was not  extended t o  a  low Reynolds number range 
because of f a c i l i t y  l i m i t a t i o n s . )  The measurements were made i n  t h e  Ames 
Hypervelocity Free-Fl ight  Aerodynamic F a c i l i t y  u s ing  0.95-cm-diameter models 
with two d i sp l aced  cg p o s i t i o n s .  V e l o c i t i e s  were v a r i e d  from 3.5 t o  
7 .3  km/sec and Mach numbers from 10 t o  29. To a t t a i n  t h e s e  v e l o c i t i e s ,  t h e  
models were gun-launched through both s t i l l  a i r  and counterflow a i r s t r eams .  
SYMBOLS 
, dimensionless drag c o e f f i c i e n t ,  - 
q  s 
L , dimensionless l i f t  c o e f f i c i e n t ,  - q s 
a C ~  
L l i f t - c u r v e  s lope ,  - , p e r  r ad i an  aa 
C1 
ac. 
non l inea r  po r t ion  of  l i f t - c u r v e  s l o p e ,  - , p e r  r ad i an3  
aa3 
Cg c e n t e r  o f  g rav i ty  
D drag f o r c e ,  N 
d  r e f e rence  diameter ,  maximum diameter  of  model, m 
K1,K2,K3 cons tan ts  i n  equat ion f o r  t r i c y c l i c  motion (eq.  (1 ) )  
L l i f t  f o r c e ,  N 
M Mach number 
m model mass, kg 
P  model r o l l  r a t e ,  used i n  equation (1) 
9  dynamic pressure  [ ( 1 / 2 ~ ~ ~ ~ ]  , ~ / m ~  
Reynolds number, based on model diameter and free-stream 
condit ions 
rms roo t  mean square 
a t r i m  
B 
Td2 
reference  a rea ,  -
4 
, m2 
time, s e c  
t o t a l  model v e l o c i t y ,  m/sec 
orthogonal tunnel-f ixed reference  axes, X ax i s  ho r i zon ta l  and 
p o s i t i v e  i n  the  f l i g h t  d i r e c t i o n ,  Z p o s i t i v e  downward 
model p r i n c i p a l  axes 
normal d i s t ance  from l i n e  tangent  t o  f r o n t  face  of model t o  
cg, m 
perpendicular  d is tance  from reference  c e n t e r l i n e  t o  cg, m 
angle of a t t a c k  ( i n  X Z  p l ane ) ,  rad ians  
r e s u l t a n t  angle of a t t a c k ,  radians  
root-mean-square r e s u l t a n t  angle of a t t a c k ,  
1 / 2  
T - [$Lx (T - ar) dl] , r ad ians ,  deg' i n  f i g u r e s  
t r i m  angle of a t t a c k ,  radians ,  deg i n  f igu res  
angle of s i d e s l i p  ( i n  XY p l ane ) ,  radians 
damping exponents (eq. (1) ) 
angle of r o l l  ( i n  Y Z  p l ane ) ,  rad ians  
free-stream a i r  dens i ty ,  kg/m3 
r a t e s  of r o t a t i o n  of vec tors  t h a t  descr ibe  t h e  model o s c i l l a t o r y  
motion i n  equation (1) 
Subscr ip ts  
r r e s u l t a n t ,  denotes terms i n  plane of t h e  r e s u l t a n t  angle of 
a t t ack  
o a t  time zero 
y terms i n  t h e  XY plane 
z terms i n  t h e  X Z  plane 
Super sc r ip t s  
( )  f i rs t  de r iva t ive  with r e spec t  t o  time 
(") second d e r i v a t i v e  with r e spec t  t o  time 
FACILITY 
The Ames Hypervelocity Free-Flight  Aerodynamic F a c i l i t y  i s  a shock-tube- 
driven,  blow-down-type wind tunnel ,  which produces a counterflow a i r s t r eam 
f o r  an instrumented b a l l i s t i c  range. Figure 1 i s  a sketch of  t h i s  f a c i l i t y .  
The 23-m-long t e s t  s e c t i o n  has  16 
orthogonal p a i r s  of photographic s t a -  
t i o n s  spaced 1.5 m a p a r t .  De ta i l s  of  
t h e  opera t ing  cycle of  t h i s  f a c i l i t y  
a r e  s i m i l a r  t o  those discussed f o r  a 
pro to type  f a c i l i t y  i n  reference  5 .  
Figure 2 is  a l i n e  sketch of t h e  
RECEIVER f a c i l i t y  and loading pressures  f o r  t h e  
counterflow t e s t s .  One f e a t u r e ,  no t  
CONTROL ROOM described i n  reference  5, was added f o r  
t h e  counterflow por t ion  of t h i s  t e s t .  
The dump tank was separa ted  from t h e  
VACUUM PUMP 
- t e s t  s e c t i o n  by a s e t  of p l a s t i c  d ia-  
phragms and was maintained a t  a pres-  
Figure 1. - Hypervehcity f ree-f l ight  aerodynamic Sure of 35 t o r r  (T) , whereas t h e  
fac i l i ty .  p ressure  i n  t h e  t e s t  s e c t i o n  was 
nominally 0 .3  T p r i o r  t o  a i r f low.  This r e l a t i v e l y  high pressure  i n  t h e  dump 
tank made it  poss ib le  t o  use aerodynamic forces  t o  sepa ra te  t h e  sabot  halves 
from t h e  model. The diaphragms were removed by t h e  s t a r t i n g  shock wave i n  t h e  
t e s t  s e c t i o n  before  t h e  a r r i v a l  of the  model s o  t h a t  they had no adverse 
e f f e c t  on t h e  t e s t  model. The high pressure  i n  t h e  dump tank d id  not  a f f e c t  
the  flow i n  t h e  t e s t  s e c t i o n  u n t i l  wel l  a f t e r  t h e  model f l i g h t  was completed. 
For s t i l l - a i r  t e s t i n g ,  a l l  diaphragms were el iminated except t h e  b lowoff 
diaphragm, and t h e  shock tube was replaced with a model ca tcher .  
Blow -off  diaphragm 
(.250 mm mylar) \ 
Dump tank and 
Nozzle diaphragm sabot separation 
( 1.6 mm stainless steel ) section ( 4 )  
Shock tube section Test section Driver section ( I ) ( 2 )  0 0 0 0 0 0  ( 3 )  
Model flight path 
Main diaphragm 3 0 4  stainless steel Main separation diaphragm 
(3.18 mm thick for 232  atm.) diaphragm (.0127 mm mylar) 
( 1.59 mm thick for 68 atm.) (.250 mm polyethylene) 
Nominal counterflow loading conditions 
Figure 2.- Hypervelocity f ree- f l ight  f a c i l i t y  arrangement fo r  counterflow test ing.  
Combust ion drive U, = 2.9 km/sec T,,,: 410" K 
For t h i s  t e s t  program, t h e  launch gun was a 1.27-cm-diameter l i gh t -gas  
gun o f  t h e  type  descr ibed  i n  r e f e rence  6 .  The u l t i m a t e  launch v e l o c i t y  
reached was approximately 4800 m/sec, a f i g u r e  d i c t a t e d  by sabo t  and model 
l i m i t a t i o n s  r a t h e r  than  by gun c a p a b i l i t y .  
Driver section ( I ) 
33 otm. load 232 atm. after burn 
(Helium 12.4 atm.) 
(Hydrogen 8.2 otm.) 
(Air 12.2 atm.) 
(Oxygen .2 atm.) 
Three d i f f e r e n t  a i r s t r eams  were used t o  span t h e  ranges of  Mach numbers 
and Reynolds numbers. S t i l l  a i r  ( i . e . ,  wi th  no counterflow) was used f o r  t h e  
Mach number 10 t o  14 r e s u l t s .  A Mach number 7 a i r s t r e a m  of  2900 m/sec veloc-  
i t y  was used t o  ob ta in  t h e  Mach number 17 and 18 d a t a .  This  a i r s t r e a m  was 
produced by a helium-hydrogen-oxygen combustion d r i v e ,  moderated by t h e  
a d d i t i o n  of  n i t rogen .  The Mach number 26 t o  29 d a t a  were obta ined  by f l y i n g  
t h e  model through a Mach number 7, 1400 m/sec counterflow a i r s t r eam.  This 
a i r s t r eam was produced by an a i r - d i l u t e d ,  co ld  helium d r i v e .  Loading p re s su res  
f o r  t h e  two counterflows a r e  shown i n  f i g u r e  2. 
Photographic d a t a  of  t h e  t ime h i s t o r y  of t h e  model f l i g h t  a t t i t u d e  and 
p o s i t i o n  were obta ined  from t h e  16 p a i r s  of or thogonal  shadowgraph s t a t i o n s ,  
each of which was spa rk  i l l umina ted  and Ker r - ce l l  s h u t t e r e d  t o  produce an 
exposure t ime of  30 n s .  The t iming informat ion  was recorded by 16 100-MHz 
counters  a c t i v a t e d  by s i g n a l s  from t h e  Ker r - ce l l  s h u t t e r s .  Sample 
shadowgraphs a r e  shown i n  f i g u r e  3 .  
S h o c k t u b e ( 2 )  
.74 atm. air 
Shock-wave Mach 
number = 5.7 
Cold helium and air drive U,= 1.4 km/sec T, = 100° K 
Testsect ion(31 
.0004 atm. air 
pa= .02 atm. 
Driver section ( I I 
6 8  atm. load 
(Helium 5 7  atm.) 
(A i r  I I atm.) 
D u m p t a n k ( 4 )  
.046 atm. air 
Shock tube ( 2 )  
1.94 atm. air 
Shock-wove Mach 
number = 2.6 
Test section ( 3 )  
, 0004  atm. air 
p, = .OI atm. 
Dump tank ( 4 )  
.046 atm. air 
( a )  Mach number 10.2, Reynolds number 214,000, (b) Mach number 17.0, Reynolds number 52,500, 
velocity 3.52 km/sec. ve loc i ty  6.60 km/sec. 
(c)  Mach number 26.4, Reynolds number 160,900, 
velocity 5.30 km/sec . 
Figure 3. - Shadowgraphs of Apollo model i n  f l i g h t  
MODELS AND SABOTS 
Figure 4 i s  a ske tch  of  a t y p i c a l  model used f o r  t h i s  t e s t  program. The 
sho r t en ing  of  t h e  model ( a  modi f ica t ion  t o  permit  convenient p o s i t i o n i n g  of  
t h e  cg) r ep re sen t s  a change i n  shape o f  t h e  a c t u a l  Apollo Command Module. 
This modi f ica t ion  is  no t  expected t o  have any e f f e c t  on t h e  high-speed aero-  
dynamic c h a r a c t e r i s t i c s  of  i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n  because of  t h e  
small  s u r f a c e  a r e a  removed. The models were cons t ruc ted  o f  s t e e l  t o  o b t a i n  
a h igh  d e n s i t y ,  which minimized t h e  model's swerve. 
The cg was s h i f t e d  o f f  t h e  c e n t e r l i n e  wi th  p re s sed - in  s l u g s  of h igh  
and low dens i ty  m a t e r i a l s .  For a Z /d  of -0.046, a t r a n s v e r s e  s l u g  of  
CR 
s i n t e r e d  tungs ten  a l l o y  ( s p e c i f i c  g r a v i t y  16.8) was used on t h e  t o p ,  and a 
v e r t i c a l  s l u g  of magnesium ( s p e c i f i c  g r a v i t y  1.8) was used on t h e  bottom as 
shown i n  f i g u r e  4 .  For a Z /d  of  -0.028, only t h e  magnesium s l u g  was 
used. Cg 
Sintered tungsten 
Figure 4. - Free-flight mdel.  
A sabot  used t o  launch t h e  models i s  shown i n  f i g u r e  5 .  The models 
were h e l d  a t  t h e  a n t i c i p a t e d  t r i m  angle  i n  a two-piece s p l i t  polycarbonate  
cy l inde r .  Each model was secured  i n  t h e  sabo t  with smal l  t a b s ,  which were 
formed from t h e  sabot  w a l l  by us ing  a h o t  i r o n .  To prevent  p r o p e l l a n t  gas 
from impinging on t h e  models, s e a l s  of  p o l y e s t e r  f i l m  were p laced  d i r e c t l y  
behind t h e  s a b o t .  
The cg p o s i t i o n  of t h e  models was measured very  accu ra t e ly  because 
t h e  t e s t  d a t a  a r e  s e n s i t i v e  t o  i t s  l o c a t i o n .  A change o f  0.0015 i n  Zce/d 
t h e o r e t i c a l l y  produces a lo change i n  t h e  t r i m  angle  of  a t t a c k .  For t h e  
s c a l e  of  models used f o r  t h i s  t e s t  t h i s  r ep re sen t s  0.014 mm i n  Z Th e 
C R '  
cg p o s i t i o n s  were measured independent ly by two persons ,  each of  whom made 
two o r  more measurements t o  minimize e r r o r s  i n  cg de termina t ion .  The 
average value of a l l  t h e  measurements was used. The v a r i a t i o n  was approxi- 
mately k0.005 mm. On t h e  b a s i s  o f  t h i s  e r r o r  band i n  t h e  determinat ion of  t h e  
cg pos i t ion ,  t h e  maximum e r r o r  i n  t r i m  angle of a t t a c k  from t h i s  source i s  
bel ieved t o  be '0.3'. 
Figure 5. - Model and sabot. 
The models were machined, with form t o o l s  c a r e f u l l y  ground t o  match t h e  
contours shown i n  f i g u r e  4 .  Figure 6 shows p r o f i l e  measurements made from 
enlarged photographs of four  models and t h e  computed p r o f i l e .  The accuracy o f  
reproduction i n d i c a t e s  t h a t  a l l  models represent  one conf igura t ion .  
Figure 6.- Measurements of m d e l  p ro f i l e  coordinates. 
DATA REDUCTION 
The models were launched a t  t h e i r  a n t i c i p a t e d  t r i m  angle  s o  t h a t  t h e  t r i m  
a t t i t u d e  could be measured without  t h e  a n a l y s i s  of  l a r g e  amplitude o s c i l l a -  
t i o n s .  With a low d is turbance  launch, a model would f l y  a t  i t s  t r i m  angle  
with small  r e s i d u a l  p i t c h i n g  and yawing o s c i l l a t i o n s .  The i n i t i a l  o r i e n t a t i o n  
of t h e  model X I Z '  p l ane ,  t h e  p l ane  of t r i m  angle  of  a t t a c k ,  was usua l ly  
loca ted  45' o f f  t h e  tunnel - f ixed  X Z  p lane  s o  t h a t  a maximum model swerve 
could be accommodated. Figure 7 shows t h e  model-fixed and tunnel - f ixed  axes 
systems and t h e  angle d e f i n i t i o n s .  
Figure 7.- Axes and angle definit ions.  
The b a s i c  method of  ob ta in ing  t h e  t r i m  angles  of  a t t a c k  was t o  f i t  t h e  
d i s t a n c e  h i s t o r y  of t h e  model's angular  motion wi th  t h e  equat ion f o r  tri- 
c y c l i c  motion: 
B + i a  = Kle (nl+iwl)X + K2e (n2-iw2)X + K3e ipX 
where K 3  i s  t h e  t r i m  angle .  A f u l l  d e s c r i p t i o n  of  t h i s  d a t a  a n a l y s i s  
can be found i n  r e f e rence  7.  
I t  must be noted t h a t  t h e  na tu re  of  t h i s  t e s t  v i o l a t e d  some of  t h e  
s impl i fy ing  assumptions of  t h e  t r i c y c l i c  motion equat ion;  f o r  example, t h e  
model was no t  axisymmetric ( i n e r t i a l )  and had l a r g e  t r i m  angles  and non l inea r  
aerodynamics. However, s i n c e  t h i s  method was used only t o  o b t a i n  t h e  t r i m  
angle ,  it i s  be l i eved  t h a t  t h e  procedure was j u s t i f i e d .  Graphical procedures 
were used on f l i g h t s  showing no r o l l  s o  t h a t  t h e  va lues  produced by t h e  
above method could be  checked. The r e s u l t s  produced by both methods agreed 
wi th in  t1 /2" .  
The l i f t  c o e f f i c i e n t  was determined by an independent method (d iscussed  
below) from measurements of  t h e  t ime h i s t o r y  of  model cg p o s i t i o n  and i s  
represented  a s  a l i n e a r  p lus  cubic func t ion  of angle  o f  a t t a c k .  
9 
The t ime h i s t o r i e s  of t h e  component angles  were converted i n t o  a t ime h i s t o r y  
of  t h e  r e s u l t a n t  angle  o f  a t t a c k .  
Th i s  approximation is  exac t  when t h e  swerves (?/% and ilk) a r e  zero .  
Negl ig ib le  e r r o r s  were in t roduced  by swerves of  t h e  magnitude observed f o r  
t hese  f l i g h t s  (maximum value observed was 0.008 r ad ian ) .  The l i f t  f o r c e  i n  
t h e  p lane  of  t h e  r e s u l t a n t  angle  of a t t a c k  was then  w r i t t e n  
This p l ane  of  t h e  r e s u l t a n t  angle  of  a t t a c k  can be  def ined  by t h e  r o l l  angle  
cp, where 
t a n  B t a n  cp M -t a n  a 
This i s  assumed t o  be an exac t  express ion  because of t h e  small  swerve cor- 
r e c t i o n s .  Then t h e  component of t h e  l i f t  f o rce  i n  t h e  Z d i r e c t i o n  can be 
expressed a s  
L =  = cL (qS) (ar cos  c p ~  + c (qs) (or3 cos 9) 
C1 LC13 
and t h e  component i n  t h e  Y d i r e c t i o n  can be expressed a s  
L = C L  (qS) (a, s i n  cpi + C (qS) (or3 s i n  cp) Y a La3 
Then i f  t h e  g r a v i t y  term i n  t h e  XZ p l ane  i s  ignored 
z 
= mz and L = m y  
Y 
where 
. . (g) ar3 cos " 
a 
s i n  c p +  cL (%la  3 s i n  9 
a 
r 
Although t h e  models d i d  dece le ra i e  a  measurable amount, t h e  v e l o c i t y  was 
assumed constant  during each f l i g h t  t o  f a c i l i t a t e  evalua t ing  t h e  l i f t .  Thus, 
i n t eg ra ted  twice with respect  t o  time, equations (9) and (10) become: 
Y t - Y o = Y t + C  o  i s i n  9 d t  d t  
i 
r 
+ C ~ a 3  *) m jnIt ir3 s i n  9 d t  d t  
The unknown cons tants  (  yo, CLa,  and CLa3) were computed by t h e  
method of l e a s t  squares appl ied  t o  equations (11) and (12) a t  each s t a t i o n .  
While i t  i s  t r u e  t h a t  a  continuous time h i s t o r y  of  ar  and 9 would be  
des i r ab le  i n  t h e  evalua t ion  of t h e  double i n t e g r a l s ,  da ta  were obtained a t  a  
s u f f i c i e n t  number of  photographic s t a t i o n s  during each f l i g h t  t o  evalua te  t h e  
double i n t e g r a l s  using Gauss' formula f o r  numerical i n t e g r a t i o n .  
Drag c o e f f i c i e n t s  were obtained from t h e  dece le ra t ion  of t h e  model and 
ca lcu la t ed  by t h e  method of reference  8.  S u f f i c i e n t  drag measurements were 
obtained from t h e  s e v e r a l  model f l i g h t s  t o  give an accura te  v a r i a t i o n  of drag 
c o e f f i c i e n t  with r m s  r e s u l t a n t  angle of  a t t a c k .  This v a r i a t i o n  of drag 
c o e f f i c i e n t ,  t oge the r  with t h e  value of  CL computed from each f l i g h t ,  
was used t o  obta in  t h e  t r i m  l i f t / d r a g  r a t i o .  
ACCURACY 
The accuracy of  t h e  f r e e - f l i g h t  d a t a  was con t ro l l ed  by t h e  p rec i s ion  
with which t h e  t e s t  condit ions and model a t t i t u d e  could be  measured. This 
accuracy i s  est imated below: 
40 - 2  pe rcen t  
43.0 pe rcen t  
40.1 pe rcen t  
+o -25" 
The computed r e s u l t s  a r e  es t imated  t o  have t h e  fol lowing unce r t a in ty :  
~1 41" t r i m  
D 
40 .02 
RESULTS AND DISCUSSION 
A l l  r e s u l t s  a r e  shown i n  g raph ica l  form i n  f i g u r e s  8  through 12 f o r  t h e  
f l i g h t s  l i s t e d  i n  t a b l e  I .  The d a t a  a r e  compared wi th  wind-tunnel r e s u l t s  
from re fe rences  1 and 9 and wi th  Apollo f l i g h t  d a t a  from re fe rence  4 .  
Drag 
0 M = I0 - 14 Presen, 1 Drag c o e f f i c i e n t  a s  a  func t ion  of o M.17 rms r e s u l t a n t  angle  of a t t a c k  i s  pre-  2.0 ' 4 -   @$ o M = 26 - 28 sen ted  i n  f i g u r e  8.  A s  t h e  models were 
a ~ ~ ~ I I ~  fl$tl!:;202 f l y i n g  e s s e n t i a l l y  backward (b lun t  f a c e  
1 6 -  forward) ,  t h e  angles  measured i n  t h e s e  
f r e e - f l i g h t  t e s t s  were (180 - a r ) .  The 
CD 1.2- r o o t  mean squares  of t h e s e  angles  were 
computed and then  s u b t r a c t e d  from 180" 
W~nd tunnel 
M = 10, Re = 700,000 t o  g ive  t h e  angles  c o n s i s t e n t  wi th  pre-  
.8  - Ref 9 vious Apollo t e s t s .  The d a t a  p o i n t s  
f o r  t h e  t h r e e  Mach number ranges t e s t e d  
.4 - a r e  i d e n t i f i e d  by symbol n o t a t i o n .  The 
p re sen t  f r e e - f  l i g h t  d a t a  agree  c l o s e l y  
01 I I I I I I I w i th  both t h e  wind-tunnel and t h e  
174 170 166 162 158 154 150 146 
arms, deg Apollo f u l l - s c a l e  f l i g h t  r e s u l t s ,  and 
t h e r e  i s  no d i s c e r n i b l e  v a r i a t i o n  of 
drag c o e f f i c i e n t  with Mach number o r  
F i w e  8.- Drag coefficient  as function of angle Reynolds number f o r  t h e  t e s t  condi t ions  . 
of at tack.  
- Trim Angle 
f 0 . 0299d  = 4.65 in. I 5.23in.=O.O336d 
Figure 9 shows va lues  of t r i m  angle  a s  a  func t ion  o f  t h e  cg o f f s e t  
(Z  /d) f o r  t h e  t h r e e  Mach number ranges of  t h e  p re sen t  t e s t  and f o r  t h e  
c  g  
d a t a  of r e f e rences  1 and 4 .  A l l  t r i m  angles  shown were ad jus t ed  t o  a  common 
a x i a l  cg p o s i t i o n  ( X  /d  = 0.270) .  The adjustments t o  t h e  f r e e - f l i g h t  
C g  r e s u l t s  amounted t o  l e s s  than  0.4" i n  
Zcg /d  - 0 .0336  [ With reference to structurol 1. ' / 
176 
172 
2,- /d  ~ 0 . 0 2 9 9  [ With reference to heat shield $ ] / 
Figure 10.- Comparison of asymmetric configuration's s t ruc tu ra l  and heat-shield 
- All results adjusted to 
xCgld = o 270 t h e  most s eve re  case .  I n  agreement 
o M =  IO -14 free f ~ ~ g h t  with t h e  r e s u l t s  of  r e f e rences  1 and 4 ,  
M: 17 - 18 free fltght 
- 
Mach number apparent ly  had no e f f e c t  on 
0 M = 26  - 2 9  free flight 
A Fl~ght AS-202 M.28 
t h e  t r i m  angles  achieved i n  t h e  
a ~11ght  AS-202 M = I o presen t  t e s t  . 
cg 's  of above fllght data referred to - [C of aft heat sh~eld (see f~gure 10 )  1 I t  should be noted t h a t  t h e  d a t a  
0 Ref I ,  M.158 from re fe rence  4 a r e  p l o t t e d  a t  cg 
offset 
g 164 - 
73 
p o s i t i o n s  measured from t h e  c e n t e r l i n e  
E 
of  t h e  b lun t - f ace  h e a t  s h i e l d  r a t h e r  
+. than  from t h e  s t r u c t u r a l  c e n t e r l i n e .  
' 160 - Figure 10 shows t h e  cg wi th  r e s p e c t  
t o  t h e  s t r u c t u r a l  and h e a t - s h i e l d  cen- 
t e r l i n e s .  The h e a t - s h i e l d  c e n t e r l i n e  
was used t o  r e f e rence  t h e  cg because,  
when f l y i n g  h e a t  s h i e l d  forward, t h i s  
s u r f a c e  suppor ts  t h e  s i g n i f i c a n t  aero- 
dynamic fo rces  and, t h e r e f o r e ,  appears 
t h e  more l o g i c a l  choice.  For example, 
.,Lo with  t h e  h e a t - s h i e l d  c e n t e r l i n e  a s  t h e  
-zcg/  d r e f e rence ,  a t  a = 180" and no cg 
Figure 9.- Trim angle a s  function of center-of- o f f s e t ,  t h e  p i t c h i n g  moment would be  
gravity displacement. 
centerl ines.  
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e s s e n t i a l l y  zero and t h e  conf igura t ion  trimmed. A s  seen i n  f i g u r e  9 ,  using 
the  hea t - sh ie ld  c e n t e r l i n e  t o  loca te  the  cg provides a  good c o r r e l a t i o n  of 
the  f l i g h t  d a t a  of re ference  4  with t h e  p resen t  f r e e - f l i g h t  d a t a  and e a r l i e r  
wind-tunnel da ta .  E a r l i e r  c o r r e l a t i o n s  of f l i g h t  and wind-tunnel t r i m  angles 
( r e f s .  4 and 10) were not  successfu l  because t h e  s t r u c t u r a l  c e n t e r l i n e  of t h e  
Apollo Command Module was used t o  loca te  i t s  cg. The hea t - sh ie ld  c e n t e r l i n e  
is  t h e  only cons i s t en t  re ference  t h a t  can be  used when symmetrical Apollo 
configurat ions a r e  compared with those  having unsymmetrical h e a t  s h i e l d s .  
L i f t  Coef f i c i en t  
L i f t  c o e f f i c i e n t s  obtained from f l i g h t s  with t r i m  angles of about 150" 
and 160" a r e  shown i n  f i g u r e  11 as  a  funct ion  of  angle of a t t a c k .  Each curve 
covers t h e  angle-of-at tack range measured f o r  t h a t  f l i g h t .  Also shown a r e  
wind-tunnel r e s u l t s  from reference  9  obtained a t  a  Mach number of 10 and a  
Reynolds number of 700,000. The present  r e s u l t s  f o r  r e s u l t a n t  t r i m  angles of  
150" ( f i g .  l l ( a ) )  agree wel l  with each o t h e r  and with t h e  wind-tunnel da ta  
except near  t h e  maximum value of CL.  Because of t h e  h igher  angles and lower 
l i f t  c o e f f i c i e n t s  produced i n  the  f l i g h t s  shown i n  f i g u r e  l l ( b ) ,  t h e  l i f t  i s  
assumed t o  be only a  l i n e a r  funct ion  of t h e  angle of a t t a c k .  The s lope  and 
the  values of CL a t  angles of a t t a c k  c lose  t o  160" agree we l l  with both t h e  
wind-tunnel r e s u l t s  and the  curves of  f i g u r e  11 (a) . 
H Limits of angles .7 - 
measured for 
each fl ight 
Wind tunnel results 
.5 - 
.4 - 
H 
Limits of angles 
measured for 
each flight 
a ,  deg 
( a )  L i f t  measured f o r  models trimmed nominally (b) Li f t  measured for  models trimmed nominally 
at 150'. a t  160'. 
Figure 11.- Lif t  coefficient  versus angleof  at tack.  
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Lift /Drag Ra t io  
Figure 12 shows va lues  of l i f t l d r a g  r a t i o  as  a func t ion  of t r i m  angle  
of a t t a c k .  The f r e e - f l i g h t  r e s u l t s  compare q u i t e  we l l  wi th  va lues  obta ined  
from wind-tunnel t e s t s  ( r e f s .  1 and 9) and from Apollo f l i g h t  t e s t s  ( r e f .  4 ) .  
The f r e e - f l i g h t  d a t a  show no e f f e c t  of Mach number o r  Reynolds number, 
b M =28 Re = 100,000 Apollo f l ight AS-202 
.7 - Ref. 4 
- M = 10, Re = 700,000 Ref. 9 
I I I I I I 
180 170 160 150 140 130 120 
alrim. deg 
Figure 12.- Lift-drag r a t i o  a s  ?unctions of  t r i m  
angle of  a t t a c k .  
CONCLUSIONS 
The l i f t ,  drag,  and t r i m  angles  of  t h e  Apollo Command Module show no 
i n d i c a t i o n  o f  be ing  a f f e c t e d  by e i t h e r  Mach number o r  Reynolds number i n  t h e  
range t e s t e d ,  which extends from Mach numbers 10 t o  29 and Reynolds numbers 
20,000 t o  300,000 (based on f ree-s t ream condi t ions  and body d iameter ) .  The 
l i f t  and drag  agree  c l o s e l y  wi th  previous wind-tunnel r e s u l t s  and f u l l - s c a l e  
f l i g h t  r e s u l t s .  The t r i m  angles  l ikewise  agree  c l o s e l y  when, i n  each case ,  
t h e  cen te r -o f -g rav i ty  o f f s e t  i s  r e l a t e d  t o  t h e  a x i s  of  symmetry of  t h e  primary 
p re s su re  suppor t ing  s u r f a c e ,  t h e  b l u n t  f a c e .  
Ames Research Center  
Nat ional  Aeronautics and Space Administrat ion 
Moffet t  F i e l d ,  C a l i f .  94035 Mar. 10, 1969 
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